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ABSTRACT

Crustaceans, like most ectotherms, have body temperatures that are close to am-
bient. Although some animals live in constant warm conditions, most crustaceans live

in environments with both short- and long-term temperature fluctuations. Rapid tem-

perature changes generally produce changes in the properties of the nerve and muscle

membranes. As a result increases in temperature generally cause a decrease in the

effectiveness of neuromuscular transmission. This is offset by an increase in the amount
of synaptic facilitation, an increase in axon firing frequencies, and in some motor
axons the production of additional responses in the peripheral branches. Although
these changes act to overcome temperature-induced decreases in muscle tension, little

is known about how the intact animal utilizes these changes to produce coordinated

movements at different temperatures.

Long-term changes in thermal conditions alter the properties of the motor nerves

and the muscles. This results in a shift in the temperature range over which there is

optimal neuromuscular performance towards the acclimation temperature.

INTRODUCTION

Many endotherms are well-insulated and are able to retain much of the heat pro-

duced during metabolism, so that body temperature is maintained within carefully

defined limits. Ectotherms, by contrast, have a high thermal conductance so that any
heat produced is quickly lost to the environment. As a result the internal temperature
of many ectotherms is close to the ambient temperature. The problem faced by most

ectotherms, therefore, is one of retaining a degree of functional integrity in a thermally

fluctuating environment.

Certain ectotherms overcome this problem by living in an environment that pro-

vides near-constant thermal conditions. Hawaiian ghost crabs, for example, live in

burrows and in the ocean at temperatures between 26 and 28 C, and their nocturnal

habits ensure that they do not overheat in the sun. These crabs, therefore, utilize only
minor behavioral modifications to maintain a near-constant body temperature. In the

laboratory, however, exposure to cool temperatures results in these animals becoming
sluggish and ultimately immobile with muscles that exhibit fibrillation, while warm
temperatures cause jerky and erratic limb movements (Florey and Hoyle, 1976).

At the other extreme, certain ectotherms live in environments with temperatures
that fluctuate dramatically. Animals that live in such environments must not only be

able to withstand both short-term (daily) and long-term (seasonal) temperature changes,
but must also remain functional over a wide thermal range. For example, the neu-

romuscular systems of shore crabs (Pachygrapsus) and crayfish (Astacus] can function

over 15 and 24C ranges, respectively (Harri and Florey, 1977; Stephens and Atwood,
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1982). It is apparent that in these animals certain compensatory mechanisms must

be present that permit the animal to function over a wide temperature range. In

crayfish, Kivivouri ( 1 980) has shown that different neuronal pathways exhibit different

resistances to short-term temperature changes. In general, complex reflexes are more

sensitive to temperature change than simple reflexes, synaptic function is more sensitive

than nerve conduction, and inhibitory junctions are more sensitive than excitatory

(White, 1983). These results are similar to those described in goldfish (Prosser and

Fahri, 1965; Prosser and Nagia, 1968; Friedlander et ai, 1976). In addition to with-

standing rapid changes in temperature, ectotherms must also tolerate long-term thermal

stress. In crayfish, for example, acclimation causes a shift in the lethal temperature

(White, 1983) and modifies the temperature at which optimal activity takes place

(Kivivouri, 1983). Moreover, when placed in an experimental regime in which animals

can select their own environmental temperature, it has been shown that active animals

prefer their ambient temperatures (Taylor, 1 984, but see Crawshaw, 1 983). Therefore,

it is apparent certain mechanisms do exist that enable animals to modify their behav-

ioral output in response to long-term changes in temperature.

The aim of the present paper is to describe the effects of short- and long-term

temperature changes on the physiology of nerves and muscles, with special reference

to crustaceans that normally live in a thermally fluctuating environment. Most of the

work published to date has used neuromuscular preparations in walking limbs or

claws. Since little work has been published that describes recordings from intact animals,

most of the results outlined in this article were obtained using autotomized limb

preparations which were bathed in a physiological saline, and whose temperature was

carefully controlled and monitored.

MUSCLERECORDINGS

Resting potential

In crustacean muscle fibers the membrane potential increases with temperature.

In crayfish, the membrane potential changes exhibit two linear components (Harri

and Florey, 1977, 1979), whereas in crabs there are two logarithmic-linear components

(Stephens and Atwood, 1982; Stephens, 1985). In both animals, the component ob-

served at cooler temperatures has a steeper slope, and in some cases the change in

membrane potential takes place faster than would be predicted by the Nernst equation.

It has been suggested that the two components may be explained in terms of differential

temperature effects on the membrane conductance to potassium and chloride, relative

to sodium (Harri and Florey, 1977, 1979). Membrane potential recordings from crab

and crayfish muscle fibers have revealed that the temperature at which the two com-

ponents intersect can be changed by altering the acclimation temperature (Harri and

Florey, 1979; Stephens and Atwood, 1982). Acclimation to different temperatures

causes changes in the fluidity and saturation of lipids in membrane of goldfish (Roots

and Johnston, 1968; Driedzic et ai, 1977; Matheson et ai, 1980), and crustaceans

(Chapelle, 1977, 1978; Chapelle et ai. 1979). Thus, acclimation could produce certain

fundamental changes in membrane composition, which may differentially influence

the operation of channels for potassium, sodium, and chloride ions, as well as those

concerned with leakage. Such a differential effect on the relative permeabilities of a

membrane to different ions has been demonstrated in barnacles (Dipolo and Latorre,

1972; Fischbarg, 1972). Recently, it has been shown that the membrane potential can

hyperpolarize beyond the potassium potential at high temperatures (White, 1983).

This has been explained in terms of temperature-induced changes in the properties of

the sodium-potassium pump, producing a change in the distribution of these ions
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across the membrane (Florey and Hoyle, 1976). Evidence for this comes from the

observation that the rate of spontaneous motor neuron firing can be changed by tem-

perature-induced changes in the sodium pump (Arechiga and Cerbon, 1981).

Irrespective of the mechanism that produces the two-phase relationship between

temperature and membrane potential, one interesting phenomenon is that cold tem-

peratures cause the muscle membrane to become depolarized above the excitation-

contraction threshold, which is independent of temperature (Dudel and Ruedel, 1968),

and creates passive tension in the muscle (Harri and Florey, 1977; Fischer and Florey,

1981). The amount of tension produced is dependent upon the amount of depolar-

ization (Orkand, 1962) and can be released by direct action of the inhibitor on the

muscle fiber. This suggests that post-synaptic inhibition may play a significant role in

the behavior of an animal at cold temperatures.

Excitatory junctional potentials

In many crustacean muscle fibers the amplitude and the time course of the nerve

evoked excitatory junction potential (ejp) (Fig. 1 A, B) and the tension produced in

the muscle decline with temperature (Harri and Florey, 1977; Stephens and Atwood,

B

10

16 16

10 mV

200 ms

19 22

FIGURE I. Examples of the effect of temperature on ejp's recorded from three different types of fibers

in the stretcher muscle in a walking leg of Pachygrapsus crassipes. The pen recordings show changes in

amplitude, time course, and facilitation, with a 100 ms interpulse interval (from Stephens and Atwood,

1983).
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1983; White, 1983). The change in ejp time course can be fully accounted for by

changes in the membrane conductance (Fischer and Florey, 1981). The decline in

muscle tension with temperature is considered to be due to three factors: ( 1) depolar-

ization of the membrane potential away from the temperature independent excitation-

contraction threshold; (2) decline in ejp amplitude resulting in a smaller depolarization

of the membrane following each impulse; and (3) decline in ejp time course which

results in less summation of successive ejp's. These three factors result in a decline in

neuromuscular efficacy with temperature.
In some muscle fibers ejp amplitude does not simply decline with temperature,

but shows an initial increase followed by a decline (Fig. 1C). Examples of axons

with this feature include the slow closer excitor to the crayfish closer muscle (Harri

and Florey, 1977), the frog sartorius neuromuscular junction (Jensen, 1976; White,

1976), the rat phrenic-diaphragm (Hubbard el ai, 1971; Ward et ai, 1972), and the

stretcher excitor and the slow bender excitor in walking legs of the Californian shore

crab (Pachygrapsus crassipes) (Stephens and Atwood, 1982; Stephens, 1985). In certain

stretcher muscle fibers the ejp amplitude and time constant have maximum values at

the acclimation temperature (Stephens and Atwood, 1982). It has been suggested that

the decline in ejp amplitude at cold temperatures may be due to conduction block in

certain nerve branches (Hatt and Smith, 1975; Lang and Govind, 1977), or to tem-

perature-induced changes in quantal content (White, 1983) perhaps produced by al-

tering the amount of calcium entering the terminal (Charlton and Atwood, 1979).

In the crab stretcher muscle the degree of ejp facilitation, measured by comparing
the relative amplitudes of pairs of responses evoked at different time intervals, is

dependent upon temperature. Around the acclimation temperature, when the ampli-

tude and time course of the ejp are at a maximum, facilitation (at frequencies > 10

Hz) is at a minimum (Stephens and Atwood, 1982). Changes in temperature cause a

decline in ejp amplitude and time constant, but an increase in facilitation. As a result,

the amount of tension produced by the muscle in response to short trains of excitatory

axon spikes remains approximately constant within an 8C range around the accli-

mation temperature. In this way the neuromuscular apparatus of the crab compensates
for small temperature fluctuations.

It is interesting that the slow excitor to the bender muscle produces ejp's with

some features that are different from those recorded from the antagonistic stretcher

muscle. Bender muscle ejp's have maximum amplitudes and exhibit minimum facil-

itation around the acclimation temperature, as in the stretcher. However, increases

in temperature result in a decline in the ejp time course, which can be fully accounted

for by changes in the membrane input resistance (Stephens, 1985); an inverse rela-

tionship between membrane resistance and temperature has been reported in other

crustacean muscles (Fatt and Katz, 1953; Fischer and Florey, 1981; White, 1983).

Interestingly, the amount of tension produced by the bender muscle does not exhibit

a temperature range over which it remains constant but also simply declines with

temperature. These data suggest that tension is more closely linked to ejp time course

than to amplitude. How the differential production of tension in antagonistic muscles

affects the behavior of the crab at different temperatures has not been defined.

The stretcher muscle is innervated by a single excitatory motor neuron (Wiersma
and Ripley, 1952), which has a diverse array of synaptic types (Fig. 1; Atwood, 1967).

It is possible, therefore, to record from some fibers with synapses that produced small

ejp's and good facilitation, and from other fibers with large amplitude ejp's that exhibit

defacilitation or depression (Atwood and Bittner, 1971). The amount of facilitation

or depression can be measured by producing pairs of ejp's at different intervals and
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FIGURE 2. The effect of temperature on a highly facilitating muscle fiber in the stretcher muscle in a

walking leg of Pachygrapsus crassipes. Facilitation was measured by producing pairs of ejp's at different

intervals and comparing the amplitude of the second with the first response (from Stephens and Atwood,
1 98 3).

comparing the amplitude of the second response with the first. When the measurements

are corrected for non-linear summation (Martin, 1 955), the values are very similar to

those obtained from extracellular recordings of synaptic currents from the same fiber

(Stephens and Atwood, 1983). In fibers with small amplitude ejp's, the amount of

facilitation decays as the time interval between the ejp's is increased (Fig. 2). This

decay in the amount of facilitation can be divided into two logarithmic-linear com-

ponents (F, and F2 ), which have been explained in terms of a decline in the probability

of transmitter release following stimulation, possibly related to two different processes

for the removal of calcium (Kita el ai, 1980). Increasing temperature causes the slope

of F, to increase, the slope of F2 to first increase and then decrease, and the time

interval at which the two components intersected to decrease (Fig. 2). Thus, in these

types of fibers, as temperature is increased the F2 component becomes more dominant
and the amount of facilitation shows an overall increase.

In the case of the large amplitude ejp's, temperature changes cause the facilitation

profiles to change dramatically (Fig. 3). When ejp's are evoked at short time intervals,

the amount of defacilitation decreases with increased temperature. When ejp's are

elicited at longer time intervals, temperature increases result in defacilitation being

replaced by facilitation. Extracellular recordings of focal synaptic currents from the

muscle surface have revealed that this effect is not produced by temperature-induced

changes in the efficacy of a heterogeneous population of synapses on single muscle

fibers. Instead, synapses that produce large amplitude, de-facilitating ejp's at low tem-

peratures change with increased temperature to produce small amplitude, facilitating
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FIGURE 3. The effect of temperature on synaptic depression recorded from a single fiber in the stretcher

muscle in a walking leg of Pachygrapsus crassipes. The graph shows the amount of facilitation at different

temperatures. Facilitation was measured by producing pairs of ejp's at different intervals and comparing the

amplitude of the second with the first response. Note that values > I indicate facilitation, while values < I

indicate depression (from Stephens and Atwood, 1983).

ejp's. One possible mechanism to explain this observation is simply that increased

temperature reduces spike duration. This has been shown in the axon in the merus

(Stephens el al., 1983) and in the terminals (Dixon and Atwood, pers. comm.). This

temperature-induced decrease in spike duration would not only result in the release

of less transmitter at the terminal and produce a small ejp, but would also leave more
of the transmitter store available for release by the second action potential. However,

broadening the spike with 3-aminopyridine (a potassium channel blocker) has little

effect on the amount of facilitation observed at high temperature (Stephens and

Atwood, 1 983).

It is interesting that long-term facilitation, in which the amount of transmitter

released at the synaptic terminals increases during maintained nerve activity, is also

temperature sensitive (Jacobs and Atwood, 1 98 1 a). This type of facilitation occurs at
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its optimum at or below the acclimation temperature, suggesting that long-term fa-

cilitation may be one mechanism in which neuromuscular performance may be en-

hanced at low temperatures.

AXONRECORDINGS

Resting potential

As in muscle fibers, the axonal membrane potential declines with temperature

(Dalton and Hendrix, 1962; Stephens, 1985). In the slow excitatory axon (E2) to the

crab bender muscle there are two logarithmic-linear components, the component with

the steeper slope being observed at cooler temperatures. As found in the muscle, the

two components intersect at a temperature around acclimation (Stephens, 1985). The
similar relationships between membrane potential and temperature for the motor

axon and the muscle fibers indicate similar thermal effects on both membranes.

Action potential

In the crab motor axon (E2) to the bender muscle the amplitude and the time

course of the action potential decline exponentially with temperature with Q, values

of 1.2 and 1.97, respectively (Stephens, 1985). The input resistance also declines with

temperature (see also Colton and Freeman, 1975) with a Q10 of 2.0. This value is not

significantly different from that obtained for the time course of the spike.

The axonal spike is followed by a hyperpolarizing after-potential in the lobster

giant axon (Dalton and Hendrix, 1962) and a depolarizing after-potential in the E2

axon to the crab bender muscle (Stephens el a/., 1983). In both of these examples, the

magnitude of the after-potential increases with temperature.

Peripheral generation of action potentials

In the Californian shore crab (P. crassipes) increasing the temperature above a

critical threshold causes a single action potential in the stretcher excitor to produce
more than one action potential and ejp (Fig. 4A; Stephens and Atwood, 1981). This

effect can be reversed by cooling the preparation below the threshold temperature.
The temperature threshold for this effect can be altered by acclimation (Stephens and

Atwood, 1981 ) and by bath applications of low levels of ethanol (Stephens and Lazarus,

1981; Lazarus el ai, 1982). During a burst, the number of additional nerve spikes

increases with temperature and is always matched with a concomitant number of ejp's

(Fig. 4B-D panel E). Moreover, the additional responses are produced at such a

frequency that the ejp's undergo summation and facilitation and result in an increase

in muscle tension (Stephens, 1985).

Extracellular recordings from two locations along the axon reveal that the additional

spikes are generated in the periphery and travel antidromically down the axon (Stephens
and Atwood, 198 1 ). Similar observations have been made for the specific inhibitor to

the stretcher muscle (Fig. 4B-D panel SI) and the slow excitor (E2) to the bender

muscle, the stretcher excitor of the green crab Carcinus maenas (Stephens, unpub.

obs.), and in motor neurons in Sh Drosophila mutants (Ganetzky and Wu, 1982).

Furthermore, observations that are consistent with this phenomenon have been

recorded extracellularly from the bender muscle in intact shore crabs (Lazarus
et ai, 1982).

The additional spikes that are generated in the periphery of the stretcher excitor

axon can be modulated by activity in the specific inhibitor (Fig. 4). In this case, there

is always a matching between the number of excitatory axon spikes and the number
of ejp's (Fig. 4B-D panel E + SI), suggesting that the point of spike modulation is
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FIGURE 4. Junctional potentials and nerve spikes recorded following stimulation of the excitor (E)

and the specific inhibitor (SI) axons to the stretcher muscle in an autotomized walking leg of Pachygrapsus

crassipes. A. Recordings at 20C showing the ejp (e) superimposed upon the response when both axons

were stimulated simultaneously. B. Stimulation of either axon provoked Junctional potentials and two nerve

spikes. Synchronous stimulation of both axons abolished the second ejp and the second E axon spike. C.

Stimulation of either axon provoked four Junctional potentials and four axon spikes. Stimulation of SI after

E abolished 2 ejp's and 2 E axon spikes. Note the E and SI spikes can be differentiated on the basis of

contrasting amplitudes; the arrow points to the single antidromic E axon spike. D. At 29C the SI spike-ijp

coupling had broken down. Synchronous stimulation of both axons did not abolish the ejp's, but resulted

in four peripherally generated E spikes (arrows below trace) and five peripherally generated SI spikes (arrows

above trace). Calibration 5 mVand 10 ms (from Stephens and Atwood, 1981).

very close to the point where the additional spikes are generated. Moreover, the ad-

ditional spikes can be abolished by bathing the preparation in gamma-aminobutyric
acid, the inhibitory synaptic transmitter (Otsuka el al, 1966), and the modulating

effect of the inhibitor can be abolished by bath application of picrotoxin, an antagonist

to inhibitory transmission (Takeuchi and Takeuchi, 1969). These data suggest that

the points of spike generation and modulation are in the area of the axo-axonal synapses

between the specific inhibitor and the excitor, possibly at excitatory axon branch points

or "bottlenecks" (Jahromi and Atwood, 1974).

The phenomenon of peripheral spike generation has been recorded from the single

excitor and the specific inhibitor to the crab stretcher muscle (Fig. 4) and from the

slow (E2) excitor to the antagonistic bender muscle (Figs. 5E and 6C, D). It is interesting

that action potentials recorded from the three axons consist of a spike followed by a

depolarizing after-potential (Fig. 5B). Other axons that have a hyperpolarizing after-
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FIGURE 5. The effect of temperature and ethanol on the action potential recorded from excitatory

axons to the bender muscle in an autotomized walking leg of Pachygrapsus crassipes. The action potentials

recorded from El (A) and E2 (B) axons show hyperpolarizing and depolarizing after-potentials, respectively.

Bathing preparations in saline containing 2% ethanol (C) or heating to a warm (26C) temperatures (D)

provoked an increase in the amplitude of the depolarizing after-potential in the E2 axon; traces are super-

imposed on an action potential recorded in normal saline at 14C (arrow). Warming to 30C resulted in a

single axon shock provoking a train of E2 action potentials. Calibration 10 mVand 1 ms (from Stephens

el al, 1983).

potential, for example the fast excitatory (El) axon to the bender muscle (Fig. 5A),

do not exhibit peripheral spike generation. Increasing the temperature or bath appli-

cations of ethanol, both of which lower the temperature threshold for peripheral spike

generation (Stephens and Lazarus, 1981), increases the size of the depolarizing after-

potential (Fig. 5C, D). Further, elevating the temperature decreases the time course

of the refractory period, so that at warm temperatures the elevated membrane potential

produced by the depolarizing after-potential creates a period of decreased threshold

(Stephens el al., 1983). It has been suggested that the increased membrane resistance

encountered where the axon becomes narrow, at branch points and "bottlenecks,"
1

increases the size of the depolarizing after-potential (Stephens el al., 1983). If this is

the case, immediately following the refractory period the increased membrane de-

polarization will be above threshold and additional action potentials will be generated
at the periphery. Whether temperature influences the threshold for action potential

production has not been established in crab axons.

If this hypothesis is correct, it is apparent that the generation of additional action

potentials in the peripheral branches of axons is closely linked to the temperature-
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sensitive depolarizing after-potential. In crayfish and Aplysia neurons, the depolarizing

after-potential has been explained in terms of an increase in calcium conductance

(Yamagishi and Grundfest 1971; Lewis, 1984). This is particularly interesting since

calcium and sodium are also considered to be involved in the spike portion of the

action potential (Yamagishi and Grundfest, 1971; Kawai and Niwa, 1980). Therefore,

it seems that increased temperature affects the sodium and calcium currents to decrease

the size of the spike, but has an influence on other calcium currents to increase the

magnitude of the depolarizing after-potential (Stephens et al.. 1983). The mechanism

underlying this apparent contradiction remains to be understood.

The generation of additional spikes in the peripheral branches of certain axons is

one way in which neural firing patterns can be altered by temperature. Since the

pattern of motor impulses influences the amount of tension produced by the muscle

(Wiersma and Adams, 1949), this dramatic change in axon firing at high temperatures

may compensate for the decreasing effectiveness of the neuromuscular junction and

may be one mechanism whereby ectotherms extend their thermal range. However, if

animals lack the ability to coordinate this additional activity the result will be a series

of erratic and jerky movements, as described in Hawaiian ghost crabs at high tem-

peratures (Florey and Hoyle, 1976). The temperature threshold for peripheral spike

generation is not the same for the stretcher excitor and the E2 bender excitor (Fig.

6C). The number of ejp's and the frequency at which they are produced at a particular

temperature are not always the same (Fig. 6D). Also, the additional spikes in the

stretcher excitor can be modulated (Fig. 4B-D panel E + SI) while those in the E2

axon can not (Lazarus et al., 1982). As a result of these factors, it seems likely that

this differential effect of temperature on the motor supplies to antagonistic muscles

will create significant coordination problems in the intact animal. Additional problems
will be encountered when two axons are involved, one that shows peripheral spike

generation and the other that does not, as in the excitatory motor supply to the bender

muscle (Stephens et al., 1983). The extent of these coordination problems in the intact

animal has not been established.

Axon firing patterns can be altered by temperature. This has been shown in sensory
neurons (Hatt, 1983), interneurons (e.g., Langley, 1979; Prior and Grega, 1982; Nelson

and Prosser, 1981), and motor neurons (Arechiga and Cerbon, 1981; and see Fischer

and Florey, 1981). Temperature-induced changes in the conduction velocity and firing

patterns of neurons may alter the phases between oscillator neurons and feedback

relationships and thereby change particular behavior patterns. This has been reported
in the Hawaiian ghost crab, where running speed is closely correlated with temperature

(Florey and Hoyle, 1976). It is apparent that certain ectotherms can compensate for

temperature-induced changes in the effectiveness of nerve and muscle function with

the result that they remain functional throughout a wide temperature range, however
the mechanisms by which this is achieved are poorly understood.

CONSIDERATIONSFORTHE FUTURE

Based on the above data, one outstanding problem involves attempting to explain

the mechanism underlying the two-phase relationship between temperature and mem-
brane potential. It has been suggested that temperature may influence the sodium-

potassium pump and/or have a differential effect on ion channels in the membrane.
Answers to this problem could be obtained using techniques such as ion-selective

electrodes, to examine whether the levels of potassium or chloride ions inside nerve

and muscles are altered by changes in temperature. The use of voltage clamp techniques
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FIGURE 6. The different temperature thresholds for peripheral spike generation in excitor axons to

the stretcher (s) and bender (b) muscles in an autotomized walking leg of Pachygrapsus crassipes. A. Low
intensity stimulus shocks applied to the limb nerve evoked activity in the excitor to the stretcher and an

ejp. B. Increasing stimulus intensity recruited the E2 axon to the bender muscle and evoked an ejp. C. At

28.5C two ejp's were recorded from the bender muscle. D. At 30C, three ejp's were recorded from the

bender muscle and four ejp's from the stretcher muscle. Calibration 10 mVand 10 ms (from Lazurus el al.

1982).

on axons is confined by size constraints, although this technique has been used on
unidentified crustacean walking leg axons (Connor, 1975). In such a study, the ionic

currents that are involved in the axon spike as well as the depolarizing after-potential

could be defined.

One area that has received little attention to date involves the effects of temperature
on inhibitory nerves. It is known that temperature increases result in inhibitory synapses

failing earlier than excitatory (Fig. 4D; Stephens and Atwood, 1981; White, 1983).

However, little is known about the effect of temperature on post- versus pre-synaptic

inhibition, and the relative temperature-sensitivity of different inhibitors to the same

muscle, for example the common inhibitor and specific inhibitors to certain crustacean

limb muscles.

Studies on the effect of temperature on the firing patterns of neurons has generally
been confined to sensory and motor neurons. Is it possible that temperature also

influences neurons that secrete hormones, for example those that have a modulatory
effect on neuromuscular transmission (HoyletY al., 1974; Jacobs and Atwood, 1981b)?
This may have a profound effect on the behavior of the intact animal, more than

would be predicted by examination of nerve-muscle preparations in autotomized limbs.

Finally, the effects of temperature on interneurons has been given only minimal

attention, probably due to difficulties encountered when trying to routinely record

from these neurons. Are the effects similar to those observed in the periphery, and.



TEMPERATUREEFFECTS ON CRUSTACEANS 103

perhaps equally important, what are the effects of temperature on the properties of

electrical synapses? These and many other questions must be answered if the effects

of temperature on the behavior of cold-blooded animals are to be fully understood.
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